Diffusion tensor imaging (DTI) has revolutionized our understanding of the neural underpinnings of alcohol teratogenesis. This technique can detect alterations in white matter in neurodevelopmental disorders, such as fetal alcohol spectrum disorder (FASD). Using Prisma guidelines, we identified 23 DTI studies conducted on individuals with prenatal alcohol exposure (PAE). These studies confirm the widespread nature of brain damage in PAE by reporting diffusivity alterations in commissural, association, and projection fibers; and in relation to increasing cognitive impairment. Reduced integrity in terms of lower fractional anisotropy (FA) and higher mean diffusivity (MD) and radial diffusivity (RD) is reported more consistently in the corpus callosum, cerebellar peduncles, cingulum, and longitudinal fasciculi connecting frontal and temporoparietal regions. Although these interesting results provide insight into FASD neuropathology, it is important to investigate the clinical diversity of this disorder for better treatment options and prediction of progression. The aim of this review is to provide a summary of different patterns of neural structure between PAE and typically developed individuals. We further discuss the association of alterations in diffusivity with demographic features and symptomatology of PAE.
| INTRODUCTION
Maternal alcohol consumption during pregnancy can permanently damage the developing craniofacial structure of a fetus. This may result in a wide spectrum of physiological, cognitive, and neurobehavioral outcomes (Barr & Streissguth, 2001; Crepin, Dehaene, & Samaille, 1989; Hill, Hegemier, & Tennyson, 1989) . Fetal alcohol syndrome (FAS), associated with growth deficiencies, abnormal facial features, and evidence of CNS dysfunction, is only a tip of an iceberg in teratogenic effects of alcohol. The wide array of diagnosable adverse neurophysiological outcomes of prenatal alcohol exposure (PAE) is labeled as fetal alcohol spectrum disorder (FASD). This term signifies the diverse phenotype of this syndrome among affected individuals (Malisza et al., 2005) . Several attempts have been made to understand the structural brain abnormalities underlying cognitive and behavioral deficits in PAE. Autopsies of infants with severe PAE have detected the very first macro scale brain anomalies, including agenesis of the corpus callosum, microcephaly, ventriculomegaly, and a small cerebellum Peiffer, Majewski, Fischbach, Bierich, & Volk, 1979) . Although autopsy studies can be informative, they are inevitably limited by the low number of cases, and typically contain only the most severe alcohol-affected cases that die during infancy.
Novel neuroimaging methods have dramatically improved our knowledge about the teratogenic effects of alcohol in vivo and have revealed the presence of more subtle changes in neural networks, far beyond the current clinical criteria used to diagnose FASD. These methods have demonstrated a wide array of structural (Archibald et al., 2001; Autti-Ramo, 2002; Mattson et al., 1996) , functional, and metabolic abnormalities (Guerri, Bazinet, & Riley, 2009; Roussotte, Soderberg, & Sowell, 2010) in individuals with PAE, which depend on the timing, amount, and frequency of alcohol consumption, as well as genetics and other prenatal and postnatal environmental factors (Guerri, Bazinet, & Riley,, 2009) . In this context, the development of diffusion tensor imaging (DTI) has substantially facilitated the in vivo characterization of neural macro-and microstructure especially of the white matter.
In brain tissue, mater movement is restricted by cell membranes, myelin sheath, organelles, or macromolecules. DTI measures water diffusion, and the structure of the local environment can be inferred by the restrictions caused by water movement. This can provide sensitivity to changes in the neural structure such as myelination, axon orientation, and axonal packing (Basser & Jones, 2002) . Fractional anisotropy (FA), the most commonly used diffusion metric, is an indirect index of the amount of directionality. FA shows white matter maturation as it increases through the developmental process (Huppi et al., 1998) . It also correlates positively with better performance on cognitive domains (Nagy, Westerberg, & Klingberg, 2004; Schmithorst, Wilke, Dardzinski, & Holland, 2005) , and tends to reduce by neurodegenerative processes (Agosta, Galantucci, & Filippi, 2017) .
Thus, it is claimed that FA is a biomarker of white matter integrity, although it does not specifically determine the microstructural features (Alexander, Hasan, Kindlmann, Parker, & Tsuruda, 2000) . Mean diffusivity (MD) reflects the total amount of water movement in a voxel regardless of direction. It is higher in areas where water diffuses freely (e.g., cerebrospinal fluid) and lower in areas of high tissue density (e.g., white and gray matters). MD values tend to decrease with maturation due to reduced extracellular spaces in the myelinated white matter (Beaulieu, 2002; Engelbrecht, Scherer, Rassek, Witsack, & Modder, 2002) . Alterations in white matter integrity due to developmental or acquired defects typically contribute to higher MD values compared with the intact white matter (Neil, Miller, Mukherjee, & Huppi, 2002) . Two additional measures of axial diffusivity (AD) and radial diffusivity (RD), which are simply the diffusivity parallel and perpendicular toward membranes, respectively, more specifically express the underlying pathology. Investigations have related AD with axonal damage and fragmentation, while RD has been linked to the integrity of myelin (Aung, Mar, & Benzinger, 2013; Concha, 2014; Song et al., 2002) . However, this distinction is challenged by evidence of changes in RD followed by changes in axonal packing density, axonal diameter, and neuroinflammation (Wheeler-Kingshott & Cercignani, 2009) .
In this review, we summarize the DTI findings of white matter correlates of PAE compared with typically developed (TD) individuals.
Since there is a great variability in neural structure among individuals with PAE, we further discuss the neural damage in relation to physical and cognitive features. We also take into account the developmental trajectories of white matter and bimodal sex-specific pattern in this regard.
| SEARCH STRATEGY AND DATA EXTRACTION
We performed a systematic literature search based on the PRISMA framework (http://www.prisma-statement.org). MEDLINE and EMBASE databases were searced in March 2018 to identify the studies relevant to the application of DTI in prenatally exposed human individuals to alcohol, using this search terms: ("Fetal 
org). Articles were screened by two investigators (M.H.A and M.H.Y). All titles and abstracts from the retrieved
articles were screened and full texts of potentially eligible articles were obtained. To ensure that our systematic review did not miss any items, reference lists of identified articles were searched for additional studies by F.G.S. and M.H.Y. We included only full text articles of any design which used DTI to investigate neural structure in human subjects with PAE with (including all subtypes) or without a diagnosis of FASD. Methodological quality of the included case-control studies was assessed using the modified Newcastle Ottawa Scale (Stang, 2010) .
| RESULTS
Our search strategy initially yielded a total of 374 articles. After eliminating duplicates, 228 articles were screened by title and abstract for eligibility. Twenty-four articles were selected for full-text evaluation, of which one article was excluded, as it was focused on multidrug exposure without sufficient details about alcohol exposure. In total, 23 full-articles were included in this review, of which one study is longitudinal, 20 studies are case-control and 2 studies are case series in design. Table 1 summarizes these studies regarding demographic data of participants, imaging technical information, and significant imaging findings divided into (1) between-group differences of PAE versus TD, and (2) the correlation of DTI metrics with symptomatology of FASD including cognitive decline, facial dysmorphology, and with the extent of PAE and FASD severity.
The methodological quality of the included studies is overall good, receiving between 6 and 8 stars in the Newcastle Ottawa Scale More frequent PAE associated with smaller intracranial volumes, greater PAE correlated with higher FA in R-association fibers and with lower MD and AD in all networks and strong association with lower AD in CST, superior and posterior thalamic radiations, UF, SLF, ILF. Older age at scan associated with lower MD in the R-projection network, lower AD in R-projection, B-association, and lower PD in R-association. Post conception age at scan associated with higher FA in the projection networks, particularly in the medial regions. Older maternal age associated with lower FA and higher MD in the R-association network and lower AD in L-projection and L-association. Girls with higher FA in the R-association network and lower AD in R-projection. Maternal smoking during pregnancy positively correlated with higher PD in all five networks, although these associations fall short of statistical significance (Continues) Mean MD values in the peak ROIs positively associated with each of the 3 continuous measures of alcohol exposure; higher MD in L-ILF associated with poorer performance on all five IQ measures and to short-delay free recall on the CVLT. Higher MD in sCC and iCC associated with lower full-scale IQ, slower processing speed, and poorer EBC. Higher MD in sCC associated with poorer WISC-IV verbal comprehension and CVLT short-delay free recall; MD of R-SLF and CST related to cigarette.
Correlation between FA and MD of gCC, bCC, sCC, cingulum and UF with measures from the prosaccade task (saccadic reaction time, anticipatory saccades, amplitude, additional saccades, and saccade endpoint); correlation between FA and MD of gCC, bCC, sCC, cingulum, UF, ILF, SLF, IFO, CST with animal sorting, auditory attention, response set, inhibition, arrows, digit recall, and block recall standard scores; age and sex interactions were assessed. TD females had higher FA in gCC, L.SLF and L. UF than PAE females. Males had higher FA in L.CST than females. TD males had lower FA in R.ILF than TD females; FA increased with age for the majority of the tracts in both groups, 73% (11/15 tracts) in controls and 93% (14/15 tracts) in PAE. The same proportions of tracts showed reductions of MD with age; positive correlation between MD of bCC and additional saccades in TD and MD of L-cingulum and additional saccades in PAE. Negative correlation between FA of gCC (trend in bCC) with additional saccades in TD. Negative correlation between FA of R-UF and saccade endpoint angle of error in TD.
Correlation of FA and MD of gCC, bCC, sCC, ILF, SLF, cingulum, UF, CST, IFO, SFO with several cognitive tests; age and sex interactions were assessed.
A significant main effect of age on FA (increasing) from 5 to 32 for bCC, sCC, CST, IFOF, cingulum and UF, similar in both groups, but steeper increases of FA with age for SLF and ILF in TD, and for gCC in FASD. MD decreased significantly with age in all tracts, with similar slopes in both groups. No significant effects of sex or sex-by-group interactions for MD of any tract. A significant effect of sex for FA of gCC, bCC, CST and cingulum which males had higher FA than females in both groups. A significant sex-by-group interaction for FA of SLF, indicating group differences greater among males (2.5% higher in control than FASD) than in females (1.5% higher in control than FASD); positive correlation between hippocampal volume and visuospatial memory only among female FASD. A positive correlation between FA of gCC, SLF, ILF and reading ability only among females with FASD, but not among female controls or males in either group. Positive correlations between executive functioning and IQ scores with caudate, thalamus, and Globus pallidus volumes only in female FASD. No sex differences of cognitive deficits in this FASD sample
Correlation of FA and MD of cingulum, CST, IFO, SFO, optic radiation, SLF, UF, fornix, bCC with age and gonadal hormones (T, P, E2, DHEA, T:DHEA ratio) separately among boys and girls (T = testosterone; P = progesterone; E2 = ethinyl estradiol)
Boys:
Significant group-age interactions for gCC and optic radiation, where a positive association between FA and age in TD but not PAE. Positive association between FA and T levels in TD, but not in PAE. Positive association between FA of IFO and T levels in TD and a trend for a negative association in PAE. Negative association between FA of SFO and T levels in PAE, but not in TD. Positive association between FA of SFO and DHEA levels in TD, but a negative association in PAE; girls:
Positive association between FA of SLF and T levels in PAE but not in TD. Positive association between FA of CST and SLF with DHEA levels in PAE, but not in TD. a trend for a positive association between FA of SLF and T:DHEA ratios in TD, but a significant negative association in PAE. Negative association between FA of fornix and P in TD and not PAE.
Complementary information of participants
Cases and TD matched in: Alcohol exposure confirmed for the remaining 3 cases, but the level lower or not specified (Astley and Clarren rating 53) . About 3 to 4 beers per day, 3 or 4 times per week until the mother became aware of pregnancy in one case. In another case, the adoptive parents had observed the biological mother using alcohol to intoxication during pregnancy but could not specify her frequency of use.
Excluded if even minimal alcohol consumption was reported any time during pregnancy Since number of males/females in the studies are representative of all cases included and not only cases with DTI measures, this number in some studies is not apparent.
( Table 2) . Most of the studies have represented the pattern of alcohol consumption during pregnancy. Some of the studies have also reported the exact dose and frequency of maternal alcohol consumption. TD groups are generally non-exposed, and a few ones are minimally exposed individuals, while cases are heavily exposed or are diagnosed with FASD. Most of the studies have relied on the Astley and Clarren 4-digit diagnostic system to diagnose FASD (Astley, 2004 
| DTI FINDINGS IN FETAL ALCOHOL SPECTRUM DISORDERS
Of all the reviewed articles, 6 have focused only on the corpus callosum (CC), 2 on cerebellar peduncles, and 1 study on the cingulum bun- and in the left temporoparietal gray matter (Sowell et al., 2007) , involved in language processing. They also showed that increased cortical thickness in the right dorsal prefrontal region was associated with better verbal abilities in children with PAE (Sowell et al., 2007) .
Since cortex thins during normal pruning and myelination (Toga, Thompson, & Sowell, 2006) , this counterintuitive result is perhaps indicative of compensatory changes in response to left temporoparietal disturbance. Potential compensatory changes were also seen in an fMRI-DTI study comparing individuals with the alcohol-related neurodevelopmental disorder (ARND) with TD subjects (O'Conaill et al., 2015) . This study showed that subjects with ARND use dorsal attention pathway (activated normally for effortful tasks) for automatic visual search tasks instead of the ventral pathway, which is compromised due to ILF disruptions. Further investigation of the effect of PAE on brain laterality is obviously needed to shed light on the present complex picture of findings by DTI studies.
| CORPUS CALLOSUM
The corpus callosum (CC), structurally and functionally prominent in the brain, is the largest commissural tract that actively connects the two cerebral hemispheres. Developing relatively early between 10th and 20th gestational weeks (Adam, 2016) , CC keeps growing until the third decade of life (Riley et al., 1995) . The callosal formation starts from genu, followed by the body, splenium, and lastly the rostrum. This is while myelination progresses relatively slow in a posterior to anterior direction (Hellige, 1993; Lebel, Walker, Leemans, Phillips, & Beaulieu, 2008) . The first autopsies of prenatally alcohol-exposed brains, particularly in dysmorphic individuals, have reported complete (Jones & Smith, 1973; Pfeiffer, Majewski, Fischbach, Bierich, & Volk, 1979; Wisniewski, Dambska, Sher, & Qazi, 1983) or partial agenesis of the corpus callosum (Kinney, Faix, & Brazy, 1980) or an extremely thinned CC (Clarren, Alvord, Sumi, Streissguth, & Smith, 1978; Coulter, Leech, Schaefer, Scheithauer, & Brumback, 1993) . Since then the sensitivity of corpus callosum to alcohol teratogenesis has been highlighted in FASD, though to a far lesser extent in most individuals.
A variety of CC alterations have been revealed in magnetic resonance imaging of individuals with FASD, ranging from complete agenesis to less severe alterations such as hypoplasia and marked thinning, more frequently localized in posterior regions of CC (McGee & Riley, 2006; Roebuck, Mattson, & Riley, 1998) . Despite these gross anomalies, quantitative studies have reported disproportionate volume reductions in sub-regions of CC such as genu and splenium after accounting for total brain sizes in PAE (Autti-Rämö et al., 2002; Riley et al., 1995) .
In addition to the reduced callosal area, more prominently in the splenium, Sowell et al. revealed dislocated posterior section of CC (isthmus and splenium) in FASD, with a significant correlation between the amount of dislocation with facial dysmorphology and with impaired verbal learning (Sowell et al., 2001) . Greater variability of callosal shape, especially in the isthmus and splenium, has also been documented in PAE from infancy to adulthood, and that thicker or thinner structure is linked to executive dysfunction and motor impairment, respectively (Bookstein et al., 2007; Bookstein, Streissguth, Sampson, Connor, & Barr, 2002 .
| Between-group differences of DTI parameters in the corpus callosum
The corpus callosum is by far the most studied white matter structure, including by DTI studies. As detailed in Table 3 , group comparisons of CC microstructural integrity in alcohol-affected individuals versus nonexposed or minimally exposed groups have revealed diffusion parameter alterations across the entire CC, but more consistently in posterior regions. These abnormalities appear across the range of FASD diagnoses and from childhood to young adulthood. Findings from DTI studies agree with aforementioned morphological surveys regarding variable effects of alcohol insult on CC. In fact, sub-regions of CC vary in terms of histology and cortical projections (Huang et al., 2005) . Although there is no definite anatomical landmark within CC, thin fibers are densest in the genu and mid-splenium, interconnecting high-order processing prefrontal and temporoparietal cortices. This is while largest fibers are mostly located in the midbody to bridge between primary and secondary sensory and motor areas (Aboitiz, Scheibel, Fisher, & Zaidel, 1992) . Variation along the CC (Wozniak et al., 2006) may reflect dissimilar regional susceptibility of CC. In other words, the grandstanding of splenium/isthmus may signify the more defenselessness of neural structure in these regions to the teratogenicity of ethanol.
As shown in Table 3 , most often lower FA or higher MD is accompanied by higher RD, which may suggest damage to the myelination or axonal packing as the main underlying pathogenesis (Song et al., 2005) . (Guerri, Pascual, & Renau-Piqueras, 2001; Ozer, Sarioglu, & Güre, 2000; Phillips & Krueger, 1992 (Taylor et al., 2015) . The reduced AD is replicated in another study of newborns in the right SLF, although they did not see any DTI metric changes in CC (Donald et al., 2015) . These lines of evidence of AD alterations on white matter in newborns may postulate the axonal damage rather than myelin disruption through alcohol teratogenesis. On the assumption that alcohol teratogenesis is caused by multiple mechanisms (Goodlett, Horn, & Zhou, 2005) Sulik, 2005) . It should be noted that the relationship between facial dysmorphology and brain structure may be more apparent during childhood, as facial dysmorphology attenuates in adolescence (Lemoine, 1992) .
| Relationships between facial dysmorphology and callosal integrity
Larger samples of children are required to clarify the relationship between brain structure and facial dysmorphology in humans. (Leigh & Zee, 2015; Paolozza, Rasmussen, et al., 2014a; Paolozza, Rasmussen, et al., 2014b) .
The posterior parietal cortex serves as the crossing point between sensory and motor pathways in the eye movement control circuitry. This area projects to the oculomotor primary and supplementary frontal areas and dorsolateral prefrontal cortex which have a key role in decision making, executive function, spatial working memory and suppressing involuntary, reflexive responses (Leigh & Zee, 2015) . Coordinated movement of the eyes demands the active transfer of visual information between two hemispheres (Leigh & Zee, 2015) . Fibers from the frontal lobe project through the genu and a large part of the anterior body of the CC, while parietal fibers project through a wide portion of the posterior body of the CC as well as the posterior-superior portion of the splenium to reach to the homologous parts in the opposite hemisphere (Huang et al., 2005) . Although little is known about white matter contribution to the eye movement, it is expected that CC is crucial to have an executive and flexible control of eye movements. memory than TD. However, FA and MD were related to direction errors in the antisaccade task, a measure of response inhibition, only in healthy controls, and not in individuals with FASD. In this study, they just focused on CC by manual deterministic tractography. Later, the authors adopted a semi-automated tractography on added major white matter tracts and displayed lower FA and higher MD values in genu and splenium in relation to increased additional saccades only in typically developing children. Again, damaged CC in a cohort of individuals with FASD (5-18 years old) did not show any correlations with behavioral errors. The same behavioral measure was instead associated with higher MD in left cingulum in PAE. As cingulum is involved in higher cognitive controlling of eye movement (Leigh & Zee, 2015) , the authors suggest that higher order regions of the FASD brain may be engaged in more automatic behaviors such as saccade and prosaccade tasks (Paolozza et al., 2017) .
On the other hand, Green et al., 2013 have illustrated the inverse relation between FA in the cerebellum (an important structure in executing fast, accurate, and consistent eye movements) and prosaccade reaction time, whereas an unexpected increase in callosal FA was associated with the slower reaction in antisaccade and prosaccade tasks. Higher FA, although generally considered to reflect more organized tracts, can also result from lower axonal branching or reduced axonal diameter conjugated with increased membrane density and thus poor cognitive performance. However, this study used a relatively small sample size of 14 children with PAE (8-13 years old) and no controls. So, we do not know if there was a damage to the CC or not. These results may also point toward a compensatory role of interhemispheric connectivity in this set of tasks. Recovery or improvement of oculomotor deficits several weeks or months after acute damage to the oculomotor cortex is documented in monkeys or poststoke humans (Müri & Nyffeler, 2008) . Clinical and transcranial magnetic stimulation studies have exhibited that this is the contralateral homologous cortex that pays for the shortage (Nyffeler, Müri, Pflugshaupt, Wartburg, & Hess, 2006; Sharpe, Bondar, & Fletcher, 1985) .
Some other studies have tried to investigate the association of a battery of neurobehavioral tests in FASD with DTI parameters.
Visual-motor integration (Sowell et al., 2008) , visual-perceptual skills (Wozniak et al., 2009; Wozniak et al., 2011) , eye blink conditioning, memory recall, intelligence, and processing speed (Fan et al., 2016) have been linked to microstructural and functional abnormalities in the most posterior CC. Lower FA in the genu and higher MD in splenium are shown to be related to the deficits of working memory (Wozniak et al., 2009 ). These deficits can contribute to poor academic performance, especially math abilities. Lebel et al. did not find any association between various cognitive aspects such as working memory, quantitative concepts, vocabulary or executive performance, and DTI parameters of the whole brain (Lebel, Rasmussen, et al., 2008 ).
Yet in a subsequent study of the same cohort (Lebel et al., 2010) , they showed math ability is positively related to FA and parallel diffusivity in the left parietal cluster, where the body of CC is one of the tracts passing through. Left splenial FA was additionally correlated to math ability in only right-handed FASD. While parallel diffusivity leads us to axonal damage as a probable cause of differed diffusivity, the study also showed likely demyelinated cerebellar cluster in terms of negative association of perpendicular diffusivity with math ability. This is a captured image of the complex effect of alcohol teratogenicity on neural cells. At the same time, some studies that have just explored CC have not found any association between CC and cognitive deficits such as intelligence (Li et al., 2009; Ma et al., 2005) , verbal learning (Sowell et al., 2008; Wozniak et al., 2009 ) and processing speed (Wozniak et al., 2009 ). Successful cognitive performance demands a healthy multi-network structure and the scenario of "one single tract"-"one specific cognitive deficit" is not consistent with this fact. However, these findings bring evidence on the clinical relevance of CC alterations in FASD.
| CEREBELLAR PEDUNCLES
Morphological imaging has revealed reduced cerebellar volume in children and adolescents with a history of PAE (Astley et al., 2009; AuttiRämö et al., 2002; Mattson et al., 1996; Sowell et al., 1996; West, 1993) . Cerebellar hypoplasia is supported by animal studies in PAE (Maier, Miller, Blackwell, & West, 1999; Maier & West, 2001; Napper & West, 1995) , which also claims that alcohol exposure early in pregnancy results in more neuronal loss (Goodlett, Marcussen, & West, 1990; Hamre & West, 1993; Thomas, Goodlett, & West, 1998) . (Green et al., 2013) . The consistent reports of left MCP in these studies can be explained by the laterality of cognitive modulation in the cerebellum. In fact, it is well described that left cerebellum integrates right hemispheric cognitive functions including attentional and visuospatial skills (Baillieux et al., 2010) . Therefore, it can be assumed that inputs from the right Nakata et al., 2009) , which underscores the entangled developmental process in these two adjacent structures. However, not all DTI studies on FASD have reported altered diffusivity pattern in cingulum. Reduced diffusivity in terms of decreased FA (Lebel, Rasmussen, et al., 2008; Paolozza et al., 2017; Santhanam et al., 2011; Sowell et al., 2008) and increased MD and RD (O'Conaill et al., 2015; Santhanam et al., 2011 which causes a challenge in DTI interpretation (Lee et al., 2009) . Nevertheless, altered diffusivity in cingulum is often reported in FASD.
Regarding the heterogeneity of cognitive domains declined in individuals with PAE, inconsistency in the literature may be partly due to the wide range of cognitive deficits between cohorts.
| BIMODAL SEX-SPECIFIC PATTERN IN THE DEVELOPMENTAL TRAJECTORY OF WHITE MATTER MICROSTRUCTURE IN FASD
DTI findings discussed above were all derived from cross-sectional studies and thus no direct conclusion can be derived about the effect of PAE (Zhou et al., 2011) . As authors have suggested, this might underscore the late catch up in regional developmental delays in FASD or compensatory plasticity, mainly through the myelination process. This is supported by the negative association observed between the quantity of longitudinal changes in MD values of SLF and scores of reading and receptive vocabulary tasks. In other words, greater longitudinal changes in diffusivity might point to the previously greater damage in the neural structure. This is also reinforced by the fact that more severe forms of FASD had more steeper decreases in MD than less severe forms of FASD than controls.
However, in a recent cross-sectional study on 70 patients with FASD over 5-32 years old and with the same methodology, Treit et al. (2017) did not find any differences between DTI metrics in any of the surveyed white matter tracts between PAE and TD. Moreover, age by group interactions showed steeper increases in white matter volume and FA of the genu with age in TD and of the SLF and ILF in FASD. This in contrast shows delayed regional maturation in FASD over a longer period into adulthood. They also found that FA of SLF is reduced in males more than females with FASD compared with controls with the same gender.
Although both genders had the same cognitive measures, males showed more extensive structural disruptions in terms of regional volumes and cortical thickness. Sex-specific bimodal pattern of the neural structure is well defined in animal and human studies. In this context, the role of testosterone on the organization, that is, perinatal development, and activation process, which occurs at puberty, is highlighted in determining the gender-specific neural phenotype (Blakemore, Burnett, & Dahl, 2010) .
Reduced sensitivity to testosterone is documented in male rats and also human male adolescents with PAE (Carter, Jacobson, Dodge, Granger, & Jacobson, 2014; Lan, Hellemans, Ellis, Viau, & Weinberg, 2009 (Santhanam et al., 2011) , and cerebellar peduncles (Fan et al., 2016; Spottiswoode et al., 2011) , with lower FA, higher MD and RD in dysmorphic compared with nondysmorphic PAE. Among these, two studies (Fryer et al., 2009; Li et al., 2009 ) have explored how white matter differences across the brain may be related to the type of FASD diagnosis. The results indicate that more severe subtypes of FASD had more severe white matter damage only in the body, splenium, and isthmus of CC. This suggests that the degree of the damage to some, but not all, regions of the brain is dose-dependent. Of note, is the consistent report of mediation of RD signifying poorer myelination in this regard. In a group of children with FASD (mean age~10 years old) with a positive correlation between dosage and frequency of prenatal alcohol exposure and severity of FASD, Fan et al. (2016) revealed that increased in utero alcohol exposure is related to lower FA and higher MD, more attributed to changes of RD rather than of AD, in splenium and isthmus of CC as well as in ILF. Interestingly, CC and ILF were the only structures showed to be related to IQ, which was lower among FAS patients. On the other hand, a study of the neonatal group (Taylor et al., 2015) manifested the increased axonal damage in terms of the lower AD, and to a lesser extent lower MD, with higher alcohol exposure. In this context, the timing of alcohol exposure is not evaluated yet. In fact, the correlation between the extent and timing of alcohol exposure is an important piece of the puzzle of our knowledge about FASD, which is undoubtedly difficult to assess. Furthermore, gathering data on the amount and frequency of alcohol consumption retrospectively, which is what most studies do, if they do it at all, can impose recall bias.
| BRAIN-BEHAVIOR RELATIONSHIP
A quite large spectrum of cognitive functions such as executive dysfunction, learning problems, memory impairment, language disorders, lowered intelligence and visual-special deficits are well described among individuals with FASD (Coriale et al., 2013) . As previously discussed, most studies have revealed the correlation between corpus callosal integrity and decline in several domains of cognition in FASD, such as processing speed, working memory, visuomotor integration, perceptual organization, math ability, and reading skills. Besides, damage to the association fibers, that is, SLF, ILF, and SFO, has been linked to reading ability (Treit et al., 2013; Treit et al., 2017 ) and short-term memory (Fan et al., 2016) . Although most studies have focused on CC to find a brain-behavior relationship, correlation of diffusion parameters of other major white matter structures with cognitive assays has been conducted in several studies (Table 1) .
Taken together, it seems that interhemispheric disruption contributes to the decline in several domains of cognition in FASD, while damage to the association and projection fibers subsides fewer aspects of cognitive function. However, more studies with larger samples are needed to better specify the contribution of damage to the fiber tracts other than CC to neurocognitive dysfunction among FASD.
Searching the overlap between functional and structural connectivity is much more confirmatory than the correlation of DTI measures with behavioral scores. Among the reviewed articles only three studies have conducted fMRI and DTI techniques simultaneously on FASD cohorts and have revealed the callosal involvement in perceptual reasoning (Wozniak et al., 2011) and have confirmed the role of cingulum and ILF in attention deficits (O'Conaill et al., 2015; Santhanam et al., 2011) .
| CONCLUSION
DTI provides sensitive measures of white matter microstructure in vivo.
This technique has dramatically improved our knowledge about the altered white matter microstructure in individuals with PAE and in relation to underlying cognitive and behavioral deficits in FASD. DTI studies on individuals with PAE have thus far demonstrated reduced integrity throughout the brain compared with typically developed controls with a continuum of results regarding the extent of alcohol exposure and severity of symptoms. This is shown to be mostly reduced FA and increased MD and RD in children more than 5 years old and young adults, while changes in AD and MD are documented in newborns of alcoholic mothers. Since neonatal data point toward axonal damage, while studies on more than 5-year-old individuals more debate on myelination disruption, interpreting the results in respect of alcohol impact on epigenetics rather than cellular scale seems more consistent with these findings. Moreover, these diffusion alterations are nearly universal findings and abnormalities appear to be widespread, with no brain regions really spared. However, disruptions in the corpus callosum, especially its posterior regions, are more consistently issued among studies and in relation to dysmorphology and a wide range of cognitive deficits. Although one study failed to find any significant association between cognitive test scores and DTI metrics, multiple studies have proved different aspects of neurobehavioral maldevelopment correlated to pathologies in specific white matter regions.
Examining age and sex interaction with DTI findings has revealed interesting results. It seems that prenatal alcohol exposure delays the maturation of axonal tracts, mostly through disruptions in myelination process, along with a possible late catch up in frontal association fibers before puberty. Compensating for disrupted formation/maturation of neural tracts and relying on an irrelevant structure is replicated in several studies. Nevertheless, increased integrity has not always allowed for complete resolution of cognitive deficits. The effect of ethanol on gonadal hormone pathway has also resulted in bimodal sex pattern in the developmental trajectory of white matter in FASD, most commonly in the longitudinal fasciculi.
Caution should be exercised interpreting these results, as they are derived from small samples of patients with a wide range of ages. Furthermore, cofactors such as consumption of and/or prenatal exposure to of other illicit drugs are not fully investigated. Except for one longitudinal study over a small range of prepubertal stage, other studies have a cross-sectional design to determine the altered white matter integrities in individuals with PAE. However, the target of in-utero alcohol exposure is an immature brain with resulted ongoing disruptive pathology through neurodevelopmental stages. Thus, longitudinal studies with large sample sizes, especially in critical developmental periods such as perinatal and pubertal stages are clearly needed to track the insults of alcohol on the developing neural structures. Future research will also benefit from examining the effect of PAE on hemispheric lateralization.
One important pitfall is the knowledge about the timing of exposure which cannot be readily assessed in humans concerning moral issues.
Even though the tensor technique is a valid and time-efficient procedure to investigate brain microstructural architecture in pediatrics, the results can be affected by inherent limitations. Apart from fully inevitable noises and artifacts, the evidence is gathered indirectly in this technique and exact types of cell damage cannot be precisely distinguished. DTI assumes only one fiber bundle in each voxel and thus crossing fibers have been always considered as a potential source of inaccuracy in this method. By simply adopting multiple fiber projections within a voxel, high angular resolution diffusion imaging (HARDI), although a more time-consuming acquisition protocol, has overcome this shortage. Diffusional kurtosis imaging (DKI) (Jensen & Helpern, 2010 ) is an extension model of DTI and serves as another solution in intravoxel fiber crossing imprecisions. DKI is clinically operable in a total of 10 min (Lu, Jensen, Ramani, & Helpern, 2006) . Besides, another diffusion MRI technique, neurite orientation dispersion and density imaging (NODDI) has proved to be efficiently more sensitive and specific to microstructural alterations than the tensor model. NODDI is applicable to neonates by applying limited orientations. This will shrink the standard 30 min needed to acquire the imaging to only 10 min (Zhang, Schneider, Wheeler-Kingshott, & Alexander, 2012) . NODDI also provides the extent of neural development by means of increased dispersion of neurite orientation distribution. Another advantage of this modality to assess neurodevelopmental disorders such as FASD (Zhang et al., 2012) . Accordingly, these new modes of diffusion imaging analyses should be considered in future studies.
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